Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s) and / or other copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these rights.
Three new quinoxaline-based organic dyes (AQ201, AQ202, and AQ203), containing thiophene, 3,4-ethylenedioxythiophene (EDOT), and cyclopentadithiophene (CPDT) in the p-system, respectively, have been designed and synthesized for dye-sensitized solar cells. Different from the traditional donorp-bridge-acceptor (D-p-A) type dyes, the dissymmetric p-bridge on both sides of quinoxaline enables great flexibility in fine-tuning the absorption spectra and energy levels of the resultant molecules. By changing the p-bridge between the bulky triphenylamine donor and quinoxaline group, a negative shift was observed regarding the highest occupied molecular orbital (HOMO) levels of AQ201, AQ202, and AQ203 dyes (0.88, 0.79, and 0.72 V vs. NHE, respectively), while the lowest unoccupied molecular orbital (LUMO) levels of these dyes remained the same (À1. 
Introduction
Dye-sensitized solar cells (DSSCs) have attracted considerable attention due to their relatively low production cost, transparency and exibility. 1 It is known that the operating principle of DSSCs usually involves excitation of the dye followed by charge transfer from the dye to the conduction band of TiO 2 . Thus the oxidized state of the dye is obtained and then regenerated by receiving an electron from a redox mediator in the electrolyte.
2 Accordingly, the highest occupied molecular orbital (HOMO) level of the dye should be sufficiently positive compared to the potential of the redox mediator in the electrolyte for efficient dye regeneration. Therefore, dye regeneration depends strongly on both the potential of the redox mediator and the HOMO level of dyes.
3 Typically, iodide/ triiodide (I À /I 3 À ) and [Co(bpy) 3 ] 2+/3+ are most commonly used as redox mediators to obtain highly efficient photovoltaic performances in liquid electrolytes, and their potentials are almost constant. 4 According to the Marcus theory, a difference between the dye HOMO level and the redox potential of the electrolyte of 0.2-0.3 eV can spur single-electron transfer, resulting in effective dye regeneration. 5 In that case, in order to achieve efficient dye regeneration, it is essential to modulate the HOMO level of the dye to the potential of the redox mediator.
The general design principle of organic sensitizers consists of a donor-p-acceptor (D-p-A) framework that can efficiently facilitate intramolecular charge transfer (ICT) from the ground to excited state and increase light absorption. 6 In general, one can tune the HOMO level of the dye by alternating each component in the design. However, by doing that, the LUMO level of the dye also changes signicantly, leading to difficulty in independently exploring the effects of the HOMO level on the photovoltaic performance.
7 Recently, an auxiliary electron acceptor has been widely introduced into the p-bridge of the D-p-A framework. This moiety not only enhances the photovoltaic performance and photostability of sensitizers, but is also benecial to ne-tune the molecular energy levels.
9
It is known that quinoxaline is a strong electron-withdrawing unit due to its high electron affinity, which arises from the two symmetric unsaturated nitrogen atoms. 10 Our group recently reported quinoxaline-based sensitizers YA422 (ref. 11) and AQ308, 12 which showed outstanding power conversion efficiencies (PCE) of 10.56% and 9.81%, respectively. Those reports inspired us to do some further investigation into the application of quinoxaline as the auxiliary acceptor in DSSCs. In this regard, herein, we have designed and synthesized three new quinoxaline-based organic sensitizers (AQ201, AQ202, and AQ203) by using the dissymmetric p-bridge on both sides of quinoxaline (Scheme 1). The introduction of a phenyl ring between the quinoxaline moiety and the cyanoacrylic acid group stabilizes the LUMO level of the dye. 13 And most importantly, an electron-rich unit (thiophene, EDOT, and CPDT, respectively) close to the bulky triphenylamine donor group has been included to tune the HOMO level of the dye.
14 As a result, a negative shi was observed in the HOMO levels of AQ201, AQ202, and AQ203 dyes (0.88, 0.79, and 0.72 V vs. NHE, respectively), while the LUMO levels remained the same (À1.19, À1.20, and À1.20 V vs. NHE, respectively). Hence, a red shi and broadening of the absorption spectra were achieved. Those dyes were employed in DSSCs with [Co(bpy) 3 ] 2+/3+ and I À /I 3 À based electrolytes. Overall, the DSSCs using the three dyes with the cobalt-based electrolyte yielded higher PCE compared to the corresponding DSSCs with the iodide-based electrolyte, which is ascribed to the bulky donor group usually required for devices with the cobalt-based electrolyte. 11, 15 Consequently, the AQ202-based cell with an intermediate HOMO level performed best with a PCE of 8.37% using the [Co(bpy) 3 ] 2+/3+ based electrolyte, while the AQ201-based cell with the lowest HOMO level showed the highest PCE of 6.57% with the I À /I 3 À based electrolyte.
Electrochemical impedance spectroscopy (EIS) and transient absorbance spectroscopy (TAS) analyses were performed to understand the inuence of the HOMO energy level on the dye regeneration and recombination kinetics of DSSC devices with the two different electrolytes.
Results and discussion

Design and synthesis
In this context, molecular engineering was focused on tuning the dye HOMO level and extending the absorption range based on the quinoxaline containing the D-p-A structure, and then improving dye regeneration and photovoltaic performances with [Co(bpy) 3 ] 2+/3+ and I À /I 3 À based electrolytes, respectively. The bulky triphenylamine donor offers the possibility to inhibit charge recombination and block molecular aggregation, especially for the cobalt redox system. As shown in Scheme 2, AQ201, AQ202, and AQ203 were prepared following the same synthetic routes. The synthetic work starts from low-cost, commercially available materials such as 5,8-dibromo-2,3-diphenylquinoxaline and (4-formylphenyl)boronic acid. The three dyes were obtained following a sequence of Suzuki coupling, Stille coupling, bromination, and Knoevenagel condensation. Such a synthetic procedure for AQ201, AQ202, and AQ203 was optimized on the basis of reaction selectivity and product yields. The key intermediates and nal dyes were fully characterized with 1 H NMR, 13 C NMR, and HRMS.
Photophysical and electrochemical properties
The absorption spectra of AQ201, AQ202, and AQ203 in dichloromethane (CH 2 Cl 2 ) solution and on 4 mm transparent TiO 2 lms are shown in Fig. 1 and their relative intensities are tabulated in Table 1 . The variation of the p-bridge of the electron-donating moiety leads to signicant changes in the position of the lowest energy absorption band. The intramolecular charge transfer (ICT) absorption peak in the visible region is observed at l max ¼ 491, 515, and 545 nm for AQ201, AQ202, and AQ203, respectively. As listed in Table 1 replacing the thiophene unit with the EDOT or CPDT unit, the absorption spectra of AQ202 and AQ203 broaden with respect to AQ201 in the visible region, and the absorption peaks (l max ) are red-shied by 24 and 54 nm, respectively. The red shi in the absorption peak of dye AQ201 sensitized on the 4 mm transparent TiO 2 lms compared to the absorption spectra in solution might be ascribed to the formation of J-aggregates. 16 In addition, when AQ202 and AQ203 dyes are adsorbed on the TiO 2 lms, the absorption peaks (l max ) blue-shied to l max ¼ 513 and 528 nm, respectively. This might be ascribed to deprotonation of the carboxylic acid or H-aggregates. 17 In summary, this may be due to the smaller size of the thiophene group than that of EDOT and CPDT groups, leading to different aggregation behavior.
To evaluate the possibility of electron transfer from the excited dye molecule to the conduction band (CB) of TiO 2 , and from the redox couple in the electrolyte to the oxidized dye molecule, cyclic voltammograms of AQ201, AQ202, and AQ203 dyes were recorded in CH 2 Cl 2 solution (Fig. 2a) 5 The structural differences in the p-bridge of the electron-donating part of AQ201, AQ202, and AQ203 have a signicant inuence on their oxidation potentials.
The ground state oxidation potentials (E 0 ox ) of AQ202 and AQ203 are decreased by 90 and 160 mV compared to AQ201 via replacing the thiophene with EDOT or CPDT unit. On the other hand, the excited-state oxidation potentials (E * ox ) of AQ201, AQ202, and AQ203, derived from the ground state oxidation potential and optical energy gap (E 0 ox À E 0-0 ), are À1.19, 1.20, and 1.20 V, respectively. E 0-0 is estimated from the absorption threshold from the absorption spectra of dyes in solution. The E * ox of these dyes are placed sufficiently above the TiO 2 conduction band edge (À0.5 V vs. NHE), ensuring no energetic barriers for electron injection from the excited dyes into the conduction band of TiO 2 . Herein, the p-bridge on the le side of the quinoxaline unit shows little effect on the LUMO level of Dp-A dyes, which is helpful in molecular designing and HOMO energy level tuning for future novel organic dyes. 18 
Theoretical approach
Density functional theory (DFT) calculations were carried out using the Gaussian 09 (ref. 19) program to obtain further insight into the electronic distribution of the frontier molecular orbitals and the molecular structures of the dyes AQ201, AQ202, and AQ203. The ground-state structures of those dyes were d E 0-0 was estimated from the absorption thresholds from the absorption spectra of dyes in solution.
e The LUMO was estimated by subtracting E 0-0 from the HOMO. optimized by DFT at the B3LYP/6-31G(d) level. 20 In the calculations, the long alkyl chains were replaced by methyl groups to reduce computational costs without affecting the nature of frontier molecular orbitals. The optimized structures were then used to calculate the 20 lowest singlet electronic transitions using time-dependent DFT calculations (TD-DFT) at the CAM-B3LYP/TZVP level.
21 A polarizable continuum model (PCM) was applied using CH 2 Cl 2 as the solvent. 22 The TD-DFT results and frontier molecular orbitals of AQ201, AQ202, and AQ203 are shown in Tables 2 and 3 , respectively. Table 3 summarizes the orbital distributions of HOMOÀ1, HOMO, and LUMO. These orbitals were chosen here for discussion because they participate in the lowest singlet electronic transition according to TD-DFT. The three dyes share similar features in the spatial distribution of these frontier molecular orbitals. The HOMO is mainly located on the donor moieties and the rst p-bridge on the le side of quinoxaline (Scheme 1), while HOMOÀ1 extends to the quinoxaline moiety. The LUMO is mainly located on the quinoxaline, phenyl ring and cyanoacrylic acid with a little contribution from the rst p-bridge.
The electronic transitions shown by the TD-DFT calculations indicate that the absorption bands of AQ201, AQ202, and AQ203 with the maximum absorption peaks calculated at l ¼ 463, 475, and 507 nm are dominated by HOMO-LUMO transitions with some contributions from HOMOÀ1-LUMO. They agree qualitatively well with experimental results, although the energies were overestimated. The insertion of the EDOT and CPDT moiety signicantly extends the p-conjugation of the donor in AQ202 and AQ203, which increases the HOMO energy and facilitates its oxidation. Consequently, they exhibit a lower HOMO-LUMO energy gap compared to AQ201, which, in turn, corresponds well with the red shi of the absorption spectra (Fig. 1a) .
Photovoltaic performance
The DSSC performances of all the dyes with two different redox electrolytes were tested under AM1.5 G irradiation (100 mW cm À2 ). Table 4 . Hereby, the inuence of altering the p-bridge on the le side of the quinoxaline unit on the DSSC characteristics is apparent. For the devices based on the [Co(bpy) 3 ] 2+/3+ redox electrolyte, the AQ202-based cell shows both higher power conversion efficiency (PCE) and short-circuit current density (J sc ), because the AQ202 dye has a wider absorption spectrum as well as matches the trolyte increases in the order of AQ201 > AQ202 > AQ203. This may be caused by the lowest HOMO level of AQ201 and then the highest dye regeneration efficiency, which reduces the probability of electron recombination from the conduction band of TiO 2 /excited state dyes to oxidised dyes and improves the V oc . Fig. 4 shows the IPCE curves of the AQ dye based devices with two different electrolytes. Notably, the IPCE onsets are well consistent with the corresponding electron donating ability, that is, thiophene (AQ201) < EDOT (AQ202) < CPDT (AQ203). In particular, all the AQ dye based devices exhibit small notches around 450 nm, which is attributed to the weak absorbance in this region according to the UV-visible absorption spectra. However, when compared with cobalt-based devices, iodidebased devices displayed a poorer IPCE response with a plateau of around 75% in the visible region, resulting in the lower J sc . This may be ascribed to the bulky donor group being better suited for the devices with the cobalt-based electrolyte. As a result, the devices using the three dyes with the cobalt-based electrolyte realized higher performances compared to those with the iodide-based electrolyte.
Electrochemical impedance spectroscopy (EIS)
Generally, V oc is inuenced by the conduction band (E cb ) position and the electron recombination process at the TiO 2 /dye/ electrolyte interface. To obtain a complete analysis of the difference of V oc among these dyes with two different redox electrolytes, EIS was utilized to investigate the interfacial charge transfer and recombination processes of the devices. The EIS (Fig. 6) . Clearly, there is also no difference in the s n value trend (AQ201 > AQ202 > AQ203) of the devices using either [Co(bpy) 3 ] 3+/2+ or I 2 /I 3 À as the redox electrolyte, which is in good agreement with the observed V oc trend of the devices. In conclusion, the differences in V oc arise only from the structural difference in the p-bridge between the bulky triphenylamine donor group and quinoxaline, demonstrating that, similar to the p-bridge, the thiophene unit is benecial for achieving higher V oc , while the CPDT unit contributes negatively in this system.
Photoinduced charge-transfer dynamics
The above results show that the three dyes experience enough driving force for dye regeneration in the iodide-based electrolyte, while the devices with the cobalt-based electrolyte result in higher PCE. Accordingly, micro-to-millisecond transient absorption spectroscopy (TAS) measurements were focused on the cobalt-based electrolyte to gain insight into the inuence of the p-bridge on the oxidized dye lifetime and its regeneration in the [Co(bpy) 3 ] 2+/3+ redox system. Photoinduced absorption spectroscopy (PIA) is used to locate spectral features corresponding to the oxidized dye absorbance. All dyes exhibit comparable spectral features in their oxidized states, which are measured under 510 nm excitation and absorbance changes are reported in Fig. 7 . An isosbestic point between the absorbance of the dye ground and oxidized states is found for these dyes at around 700 nm. It is observed that replacing the thiophene with EDOT or CPDT group not only affects the ground state electronic devices, but also decreases the oxidized state absorbance, with a modication in its absorbance shape. For all the dyes, we observe a positive transient absorbance of around 1000-1100 nm. Hence, following the decay kinetics of the transient absorption signal measured at 1050 nm allowed for the analysis of the charge recombination and dye regeneration rate constants.
The electron transfer and dye regeneration lifetimes of AQ201 and AQ202 were extracted by tting the spectra with mono-exponential decays (acetonitrile) and bi-exponential decays (cobalt). However, the kinetic t of AQ203 was extracted by tting the spectra with tri-exponential decays (acetonitrile and cobalt). This may be due to the larger size and more donating nature of the CPDT group than those of thiophene and EDOT groups, or even to different aggregation behavior. It is likely that not only triphenylamine but also the CPDT unit is acting as a charge donor. And then, AQ203 showed kinetically complicated behavior under the same conditions, which probably refers to several complicated recombination processes. Fig. 8 shows the TAS signals of AQ201, AQ202, and AQ203 in the absence and presence of the cobalt redox electrolyte under similar conditions, and their tting curves. In the absence of a redox mediator in pure acetonitrile solvent, the decay of the absorption signal presents the recombination process of the oxidized dye and the electrons injected in TiO 2 . Oxidized AQ201 has a lifetime of 478 ms. Elevating the HOMO level leads to a decrease in the lifetime of AQ202 and AQ203 to 316 and 262 ms, respectively, conrming hole stabilization by the lower HOMO levels. In the presence of the cobalt redox couple, regeneration of the oxidized dye occurs and signicantly accelerates the decay of the oxidized dye signal. The lifetime is 13.4 ms for AQ201, 67.4 ms for AQ202 and 81.3 ms for AQ203. Assuming a rst-order rate for both dye regeneration and back electron transfer reactions, we can estimate regeneration yields for all the dyes according to h reg ¼ k reg /(k reg + k rec ), k i ¼ 1/s i . The summary of the lifetime and the dye regeneration yields (h reg ) is shown in Table 5 . We conclude from these results that regeneration of the three dyes will be the limiting step in the operation of devices with the cobalt electrolyte. However, dye regeneration is certainly governed by the chemical structures of the dyes, especially with respect to its impact on the HOMO energy level. 
Conclusion
In summary, we have synthesized three new quinoxaline-based organic dyes and studied the effect of the different p-bridges on the HOMO levels of the dyes and the performance of DSSCs with [Co(bpy) 3 ] 2+/3+ and I À /I 3 À based electrolytes. The cyclic voltammograms show that the HOMO levels of the dyes increase in the trend of AQ203 > AQ202 > AQ201, while the LUMO levels of these dyes remained the same. It is interesting to note that the AQ201-based DSSC with the lowest HOMO level showed the poorest PCE of 7.10% with the cobalt-based electrolyte, but the best PCE of 6.57% with the iodide-based electrolyte. Moreover, the AQ202-based cell shows the highest PCE of 8.37% with the cobalt-based electrolyte, due to a wider absorption spectrum as well as a higher driving force for dye regeneration. Last but not least, the AQ203-based cells are not the best with either [Co(bpy) 3 ] 2+/3+ or I À /I 3 À based electrolyte despite the widest absorption spectrum and highest molar extinction coefficient, due to the smallest driving force for dye regeneration. Electrochemical impedance spectroscopy (EIS) and transient absorbance spectroscopy (TAS) indicate that the lower HOMO level leads to higher electron lifetime and dye regeneration efficiency. This work emphasizes the signicance of the HOMO level of the dye in the trade-off between the spectral absorption range and energy level matching, which are responsible for determining the device PCE. Designing rational metal-free organic dyes will be focused in further work towards molecular energy level tuning, giving possibilities to increase the device performance.
Experimental
Materials
All chemicals and reagents were from commercial sources without purication. Solvents for chemical synthesis were MHz instruments with tetramethylsilane (TMS) as the internal standard. HRMS was performed by using a Waters LCT Premier XE spectrometer. The absorption spectra of the sensitizer dyes in solution and those adsorbed on TiO 2 lms were measured with a Varian Cary 500 spectrophotometer. The stability and redox behaviors of dye molecules were analyzed by cyclic voltammetry (CV) in CH 2 Cl 2 solutions without deoxidization. The cyclic voltammograms (CV) were determined by using a CHI660C electrochemical workstation (Chenhua Co. Ltd, Shanghai, China) in a three-electrode cell. The working electrode was glassy carbon, used in conjunction with a Pt auxiliary electrode and an Ag/AgCl wire pseudo-reference electrode. All the experiments were performed in CH 2 Cl 2 solutions containing 0.1 M tetrabutylammonium perchlorate (TBAP) at a scan rate of 100 mV s À1 . The ferrocenium/ferrocene (Fc/Fc + ) redox couple was used as an external potential reference.
Fabrication and photovoltaic measurements
4 or 8 mm TiO 2 lms composed of 20 nm nanoparticles, aterpineol and ethyl cellulose, and a 4 mm thick scattering layer (60% nanoparticles of 20 nm and 40% large particles of 100 nm) was prepared according to the established method.
3 These nanocrystal titania lms were treated with 40 mM TiCl 4 aqueous solution at room temperature overnight, following by 
Photoinduced charge-transfer dynamics
The nanosecond laser ash photolysis technique was applied to the dye-sensitized, 4 mm thick, transparent TiO 2 mesoporous lms deposited on normal int glass. The samples were excited by pulses produced at a repetition rate of 30 Hz by a broad-band optical parametric oscillator (GWU OPO-355) pumped by a Powerlite 7030 frequency-tripled Q-switched Nd : YAG laser (Continuum, Santa Clara, California, USA). The output excitation wavelength was tuned at l exc ¼ 530 nm with a pulse width of 7 ns (fwhm). The laser beam was expanded by a planoconcave lens to irradiate a large cross-section of the sample, whose surface was kept at a 45 angle to the excitation beam. The probe light, produced by a continuous wave xenon arc lamp, was rst passed through a monochromator tuned in 20 nm steps throughout the 420-740 nm range of the VIS light spectrum. The probe light passed various optical elements, the sample, and then a second monochromator, before being detected by a fast photomultiplier tube (Hamamatsu, R9110). Data waves were recorded on a DSA 602A digital signal analyzer (Tektronix, Beaverton, Oregon, USA). Satisfactory signal-to-noise ratios were typically obtained by averaging over 1500 laser shots. The transient absorption measurements were performed on the previously described dyesensitized, 4 mm-thick, 1 mmol) , and ammonium acetate (120 mg) in acetic acid (25 mL) and THF (5 mL) was heated at reux for 12 h. Aer cooling down, the mixture was poured into water. The precipitates were collected by ltration and washed with water. The residue was puried by column chromatography on silica gel with CH 2 Cl 2 /ethanol (10 : 1, v/v) to yield a red solid AQ201 (120 mg, 69% yield). 
